Abstract-Trace elements including mercury, cadmium, selenium, and stable nitrogen isotope ratios (␦ 15 N) were measured in tissues of Pacific seabirds. Two species of albatross (Diomedea immutabilis, Diomedea nigripes), four species of shearwaters (Puffinus bulleri, Puffinus carneipes, Puffinus griseus, Puffinus tenuirostris), northern fulmar (Fulmarus glacialis), and horned puffin (Fratercula corniculata) were collected opportunistically by an experimental fishery in the North Pacific Ocean. Two species each of petrels (Oceanodroma leucorhoa, Oceanodroma furcata) and auklets (Ptychoramphus aleuticus, Cerorhinca monocerata) were collected at breeding colonies on the north coast of British Columbia, Canada. Concentrations of toxic trace metals varied considerably among the pelagic nonbreeders; highest concentrations consistently were in D. nigripes (e.g., Hg), 70-fold greater than F. corniculata (e.g., Cd), eightfold greater than P. tenuirostris (e.g., Se), and fourfold greater than F. corniculata. Most essential trace elements varied little among species, consistent with physiological regulation. Values for ␦ 15 N correlated positively with hepatic Se (r ϭ 0.771, p ϭ 0.025) and negatively with Co (r ϭ 0.817, p ϭ 0.013). Among the four breeding species, there were significant positive associations for ␦ 15 N in muscle and hepatic Se (r ϭ 0.822, p ϭ 0.002), Hg (r ϭ 0.744, p ϭ 0.0001), and Cd (r ϭ 0.589, p ϭ 0.003). Differences in time scales integrated by ␦ 15 N versus trace metals in tissues probably reduced the apparent associations between trace-metal exposure and diet.
INTRODUCTION
Some of the highest biotic concentrations of the toxic trace metals mercury, cadmium, and arsenic have been reported in marine birds [1] [2] [3] [4] [5] [6] [7] . The greater balance of those metals in seabird tissues is thought to come from natural oceanic sources. Mercury, as monomethyl-Hg, magnifies in marine foodchains, with high concentrations also present in other top predators, including fish and marine mammals [8] . Other elements, such as As and Cd, are bioconcentrated from seawater by certain plants and invertebrates [9, 10] . However, the marine environment, including remote pelagic regions, also receives heavy metal contamination from human activities such as coastal mining [11] , urban and agricultural runoff [12] , and atmospheric deposition, particularly from burning of coal and other fossil fuels [13] . Despite global efforts to reduce releases of contaminants to the environment, there have been reports of increasing mercury concentrations in marine biota [14, 15] .
Determining sources of contaminants to seabirds is challenging, because seabirds exploit a wide variety of marine food items and feed at varying trophic levels, from small grazing zooplankton to other birds and carcasses of marine mammals [16, 17] . Some species also move over large distances, such as the shearwater (Puffinus) species, which breed in Australasian waters and then migrate trans-equatorially to winter in the northeast Pacific [18] . Investigating the role of diet has been aided in recent years with the development of stable isotopes, particularly those of nitrogen ( 15 N/ 14 N or ␦ 15 N) as a technique for determining trophic relationships. Typically, ␦
15
N increases at about 3 to 5% between trophic levels [19] . Various studies have examined the influence of trophic level inferred from * To whom correspondence may be addressed (john.elliott@ec.gc.ca). measurement of ␦ 15 N on accumulation of chlorinated hydrocarbons [20, 21] and trace metals [22] in marine birds. Stablecarbon isotopes ( 13 C/ 12 C or ␦ 13 C) can be used to discriminate the role of inshore or benthic feeding in seabirds [17] .
The objectives of this study were to report concentrations of trace metals and to examine the influence of trophic level on metal accumulation in tissues of seabirds with varying diets. Two sets of birds were collected. The first were pelagic species, which primarily winter in the north Pacific west of the Canadian coast; the second group consisted of species that breed on that coast.
METHODS

Study species
The Laysan albatross (Diomedea immutabilis) breeds northwest of the Hawaiian chain and winters east to North America [18] ; it primarily feeds on krill and some fish [23] . The black-footed albatross (Diomedea nigripes) breeds on islands of the central and west Pacific and winters across the North Pacific to North America [18] ; diet mainly consists of fish and squid [23] . The northern fulmar (Fulmarus glacialis) breeds on islands of Siberia and Alaska and winters widely throughout the eastern Pacific to Baja California [18] , feeding on invertebrates such as crustaceans, squid, jellyfish, and some fish [16] . Buller's shearwater (Puffinus bulleri), flesh-footed shearwater (Puffinus carneipes), sooty shearwater (Puffinus griseus), and short-tailed shearwater (Puffinus tenuirostris) breed in Australasian waters, and most populations undergo trans-equatorial migrations to winter off the North American coasts [18] . The horned puffin (Fratercula corniculata) breeds along the coasts of Siberia and Alaska, USA, and winters at sea south to California, USA [18] .
The two storm-petrel species, fork-tailed (Oceanodroma furcata) and Leach's (Oceanodroma leucorhoa), are pelagic plankton eaters. The fork-tailed appears to be more of a continental shelf species, and the Leach's is more offshore [24] . However, at least during the breeding season on the west coast of Canada, both species have a similar diet of amphipods and myctophid fishes, although more pelagic items occur more often in Leach's diet samples [25] . The rhinoceros auklet primarily is a piscivore on pelagic schooling fish, herring, sandlance, rockfish, and sauries; it disperses southward in winter [6] . Cassin's auklets eat crustaceans, copepods, and euphausiids, and some fishes; some birds winter off of the coast from Washington to California, USA [26] .
Sample collection and preparation
Samples of pelagic nonbreeders were obtained as bycatch from experimental drift net and long-line fishing efforts conducted in August 1992 along 48Њ30ЈN latitude and 160ЊW longitude. Carcasses were examined for overall body condition, found to be good in all cases, and frozen at Ϫ20ЊC. Specimens of Leach's storm-petrel (O. leucorhoa), fork-tailed storm-petrel (O. furcata), and Cassin's auklet (Ptychoramphus aleuticus) were removed from nesting burrows on Hippa Island (53Њ32ЈN, 132Њ58ЈW). Specimens of rhinoceros auklet (Cerorhinca monocerata) were taken from nesting burrows on Lucy Island (54Њ17.40ЈN, 130Њ36ЈW). Birds were killed by decapitation and stored on ice for several days until frozen at Ϫ20ЊC. Livers were removed later and shipped on dry ice to the National Wildlife Research Center, Hull, Quebec, Canada. All dissecting equipment and storage jars were solvent-rinsed (acetone/hexane). Livers were stored at Ϫ40ЊC until analysis. For the pelagic nonbreeding species, individual livers were homogenized, and equal-sized aliquots were used to prepare pooled samples for each species. Liver commonly is used as a tissue for contaminant analysis and, despite providing stable isotope integration for only the prior week [17] , was the only archived tissue available.
Trace-metal analysis
Fenwick Laboratories (Halifax, NS, Canada) analyzed livers of pelagic nonbreeders for trace elements. Methods involved drying samples in a convection oven, followed by digestion in nitric acid at 100ЊC and analysis by inductively coupled plasma-mass spectrometry on a Perkin-Elmer Sciex Elan 5000 (Perkin-Elmer, Boston, MA, USA). Analytical blanks, standard reference materials (bovine and dogfish liver), and duplicates were used for quality assurance, and results were considered acceptable. Results are presented on a dry weight basis, and detection limits varied from 2 mg/kg for aluminum and bromine to 0.002 for thallium, with most falling between 0.1 and 0.01 mg/kg.
Trace elements in livers of seabirds collected from breeding colonies were analyzed as described previously [6] . Cadmium was analyzed by flame atomic absorption spectrophotometry. Mercury analysis was by cold vapor atomic absorption spectrophotometry. Selenium was analyzed by inductively coupled plasma.
Stable isotope analysis
Pooled liver homogenates from pelagic seabirds were analyzed for stable isotopes at the University of California Davis Stable Isotope Facility (Davis, CA, USA). One-milligram samples were freeze-dried, loaded into tin cups, and sealed. 15 N and Pee Dee belemnite for 13 C. Bone collagen and breast muscle of breeding seabird species were assayed for stable isotopes by mass spectrometry as described previously [17] .
Data analysis
Data for stable isotopes and trace metals in pooled samples of pelagic species were compared using regression analysis with JMP Version 4 statistical routines (SAS, Cary, NC, USA).
In the breeding species, differences in mean concentrations of Hg, Cd, Se, and ␦ 15 N were compared by analysis of variance followed by Tukey's test. Regression analysis was used to compare parameters.
RESULTS
Trace metals and stable isotopes in pelagic nonbreeders
Considerable variation was found in liver concentrations of the toxic metals Cd and Hg among species. Black-footed albatross had the highest concentrations of both metals, with 40.8 mg/kg of Cd compared to 4.9 mg/kg in short-tailed shearwater, and 121 mg/kg Hg compared to 2.43 in the same two species (Table 1) . In contrast, concentrations of essential trace elements were much more uniform among species; for example, Cu ranged from 12.4 to 20.8, Mn from 5.5 to 14.5, and Zn from 95 to 182 mg/mg (Table 2) . Similarly, other trace metals varied minimally among species (e.g., Cr, 0.70 to 1.80; Ni, 0.20 to 0.39; Si, 0.49 to 0.63 mg/mg).
A number of the metals were intercorrelated positively: Hg and Se, r ϭ 0.848, p ϭ 0.008; Ag and I, r ϭ 0.831, p ϭ 0.01; Co and Mo, r ϭ 0.860, p ϭ 0.006 (Fig. 1); and Ni with V, r ϭ 0.904, p ϭ 0.002; Ni and Cr, r ϭ 0.946, p ϭ 0.0004; V and Cr, r ϭ 0.943, p ϭ 0.0004 (Fig. 1) .
Stable ␦ 15 N values varied among species (mean ϭ 13.1, standard deviation [SD] ϭ 1.38), with the highest value (15.3) in black-footed albatross and the lowest (10.6) in horned puffin (Table 3) . A significant positive association existed between ␦ Stable ␦ 13 C (X ϭ 19.9, SD ϭ 0.622) varied less than ␦ 15 N and showed no significant relations with any of the measured contaminants and trace metals.
Trace metals and stable isotopes in breeding seabirds
Among the four species sampled at the breeding colonies, ␦ 15 N did not differ in bone collagen, but varied significantly in muscle (Table 4) 
Sources of toxic trace metals
Both Hg and Cd were present at greatest mean concentrations in species that, according to ␦ 15 N, fed at a high trophic level. This includes the nonbreeding black-footed albatross and the breeding fork-tailed storm petrel.
Marine birds mainly are exposed to methyl-mercury [3] from feeding on fish that both bioconcentrate methyl-mercury across gill surfaces and bioaccumulate it from diet [8] . Albatrosses in this and other studies tended to accumulate the highest Hg concentrations among marine birds, although the greater percentage is inorganic [3, 4, 27] . Although most birds are able to rid themselves of excess Hg by deposition into growing feathers [28] , albatrosses have slow molt schedules relative to other seabirds and, as a consequence, may resort to demethylation to a greater degree than other species [3, 27] . The resultant inorganic Hg would accumulate with age, probably in association with Se, as occurs in marine mammals [29] . Correlations between Hg and Se, suggestive of such a detoxification process, have been reported previously for individuals of some seabird species [5, 30, 31] . In the present data set, the significant linear association between Hg and Se largely was driven by the black-footed albatross sample.
For the breeding species, the significant correlation between Hg and ␦ 15 N is consistent with what is known about their diets. Cassin's auklets primarily eat plankton, and rhinoceros auklets mainly eat fish. The strong association between hepatic Hg and ␦ 15 N in muscle partly might be a function of methylmercury tending to distribute to muscle tissue, where it is known to bind sulfhydryl groups. Variation in dietary intake, timing of molt, demethylation ability, and age all could factor into actual concentrations of Hg and Se. Such factors likely explain the negative correlation found between Se and ␦ 15 N in the breeding species. Rhinoceros auklet had mean hepatic Hg concentrations about 3.5-fold greater than Cassin's and considerably higher muscle and collagen ␦ 15 N, yet lower hepatic Se. However, the Hg levels in rhinoceros auklet were not high by standards of pelagic seabirds and might not have been sufficient to induce demethylation and sequestration with Se. The Se concentrations in Cassin's auklet presumably indicate uptake from their particular diet.
Cadmium generally is not found at high concentrations in marine fish or piscivores [32] . Bivalves accumulate Cd, as do their avian predators such as scoters, genus Melanitta, which can have very high tissue Cd [33] . Bivalves and scoters have low ␦ 15 N signatures [17] , so the finding of a significant relationship between hepatic Cd and ␦ 15 N in muscle of the breeding seabirds was not expected. Elevated Cd in albatross species is thought to come from feeding on squid [2, 4, 34] . However, at least one study failed to find elevated Cd in squid, particularly compared to shellfish and crustaceans [35] . Even greater concentrations of Cd were found in the breeding storm-petrels, and it has been suggested previously that Cd was obtained from feeding on amphipod and gerrid invertebrates [6, 10] . It is conceivable that albatrosses and storm petrels may obtain Cd from predatory prey items such as cephalapods. Alternately, although they feed for most of the year at a high trophic level, as indicated by both bone collagen ␦ 15 N and concentrations of persistent organochlorines [21] , nevertheless, they might feed episodically on specific invertebrates, e.g., oceanskaters (Halobates sericeus [Insecta]), and thus be exposed acutely to Cd, which then is retained in liver and kidney. Environ. Toxicol. Chem. 24, 2005 J.E. Elliott Cadmium concentrations were about threefold greater in liver of flesh-footed shearwater, a planktivore, compared to the primarily fish-eating northern fulmar, consistent with invertebrate sources for Cd.
In marine birds, Cd accumulates with age [32] , which could not be determined and, therefore, tested as a factor for most of these specimens. Cadmium appears to sequester in association with metallotheionein, as has been shown for a number of marine bird species [5, 6, 33, 36] . Metallotheionein production in birds with high tissue Cd may indicate a process that has developed further in response to presence of high Cd levels in the marine environment, analogous to Hg demethylation and sequestration with Se.
Organic forms of arsenic can be present at high concentrations in some marine organisms [9] . Marine algae are able to concentrate inorganic As from seawater and convert it to organic forms at concentrations up to 50,000-fold greater than surrounding water [37] . Most of the mean total As of 12.2 mg/ kg in another sample of black-footed albatross was in the common organic form, arsenobetain [38] . The total As values found here, which ranged from 1.75 in short-tailed shearwater to 6.81 in black-footed albatross, generally were comparable to those in liver of marine birds from the Barents Sea, although total As was an order of magnitude higher in samples from an area of known high ambient As [7] . In seabird populations from the Canadian Arctic, total As ranged from 0.8 to 11 mg/ kg [39] .
Sources of essential trace elements
Hepatic concentrations of the trace elements Cu, Fe, Mn, and Zn in liver of the seabirds examined here are consistent among species and are within the normal physiological range reported in other studies of marine birds [4, 5] . For example, the range of Cu found here, 12.4 to 20.8 mg/kg, is comparable to that reported for adult North Atlantic marine birds (12.2 to 30.8 mg/kg [5] ) and in south Atlantic seabirds [2] (12 to 27 mg/kg, assuming an average moisture content of 70%), and similar to values found in North Pacific seabirds [4, 6] . Limited published data exist on tissue concentrations of Al, Bo, Br, and I in marine birds; however, it is likely, given the minimal among-species variation in hepatic concentrations, that those values are typical. Selenium concentrations were somewhat more variable among species, with concentrations 3.5-fold higher in black-footed albatross than short-tailed shearwater, consistent with differences in mercury between those two species. Selenium concentrations in all species were higher than the range of 4 to 10 mg/kg considered normal in aquatic waterfowl [40] . However, the values are within the higher range reported for other marine birds [5] [6] . The trace metals Ba, Cr, Co, Pb, Mo, Sr, and Ti did not show a great deal of variation among species. The range of Co values, 0.08 to 0.19, was lower than the range of 0.26 to 0.85 considered adequate for poultry [41] , but similar to data reported by Kim et al. [42] for marine birds. Among the essential elements, apart from Se, only Co showed a significant relationship with trophic status; however, given that interspecific variation in Co was only twofold, the correlation with ␦ 15 N likely is spurious. In contrast to Co, the range in values (1.15 to 2.18) of the significantly associated element Mo in seabirds was somewhat higher than that reported as adequate in poultry liver [41] . Some elements, Sb, Ni, Ag, Th, Sn, and Va, showed greater interspecific variation in liver concentrations. The values for Ni (0.20 to 0.91 mg/kg) in these seabirds were somewhat higher than the norm of 0.04 to 0.10 reported for poultry [41] .
Environ. Toxicol. Chem. 24, 2005 J.E. Elliott [17] and, for trace metals, from Elliott and Scheuhammer [6] . Species codes: FTSP ϭ fork-tailed storm petrel; LESP ϭ Leach's storm petrel; RHAU ϭ rhinoceros auklet; and CAAU ϭ Cassin's auklet.
The correlation found here between Ag and I might indicate some ecological or physiological association between these two elements or might be entirely coincidental. The range of Ag found here is similar to previous findings [42] , which included a significant association with Cu. The strong intercorrelations found among Ni, V, and Cr also suggest some ecophysiological similarity in the behavior of these heavy metals in the marine environment. Kim et al. [42] reported similar values for V as those found here.
Interspecific differences in trophic level
Based on the Hg and ␦
15
N data here, as well as relative concentrations of persistent organochlorine compounds [21] , black-footed albatross were feeding at a higher trophic level than Laysan's albatross, the reverse of the conclusion of Harrison [23] . It was suggested that higher organochlorine contaminant concentrations in black-footed compared to Laysan's were due to differences in feeding areas, black-footed spending more time along the coast of North America [43] ; however, the data for ␦ 15 N and metals, as well as organochlorine compounds [21] , suggest that trophic level is a more important factor.
The horned puffins sampled here had the lowest hepatic Hg and ␦ 15 N, which is somewhat at odds with the assessments of that species mainly having a fish diet [16] . Of the shearwaters, the short-tailed had relatively low hepatic Hg and ␦ 15 N, consistent with a diet primarily of euphausids [16] and of low organochlorine levels [21] . The higher Hg and ␦ 15 N in sooty shearwaters are consistent with more of a fish diet and a higher trophic status [16] .
Fork-tailed storm-petrels had much higher muscle ␦ 15 N, and higher collagen ␦ 15 N and hepatic Hg, compared to the closely related Leach's storm petrel. Those results also are consistent with the presence of greater concentrations of persistent organochlorine compounds in eggs of fork-tailed compared to Leach's storm-petrels [44] . Based on those data collected early in the breeding season, fork-tailed storm petrels were feeding at a higher trophic level than Leach's, despite reports that they share similar diets at that time [24] . Hobson et al. [17] speculated that, overall, fork-tailed storm-petrels consumed a greater proportion of the carnivorous myctophid (Stenobrachius leucopsarus) than Leach's, which also could account for the higher contaminant load.
Toxicological considerations
The reports of increased atmospheric deposition of Hg, and of increases in Hg concentrations in biota [14, 15] are a potential concern for long-term conservation of marine birds. As discussed, most seabirds deposit dietary methyl-Hg into growing feathers and demethylate any excess. However, in some petrel and skua species, methyl-Hg increased as a proportion of total Hg, and it was suggested they had more limited capability to respond to high dietary concentrations of Hg [3] . Rising levels of Hg in the marine environment, therefore, could provide added stress to those species. Many albatrosses, including black-footed, are affected by excessive mortality in long-line fishing operations [45] . Given the high levels of contaminants in that species and the stress on the population, some degree of health surveillance, including contaminant monitoring, is advisable.
CONCLUSION
In summary, the trace-element concentrations found in the seabirds examined here generally are in accord with values published in the literature for marine birds. This includes the high concentrations of Hg and Cd in liver of black-footed albatross. In the case of Hg, this is considered to be function of a high rate of Hg intake from its high trophic-level diet, combined with a slow molt cycle and a physiological capability to demethylate Hg and sequester inorganic forms with Se. Accumulation of Cd likely is a function of feeding on specific invertebrates that concentrate this element combined with tissue sequestration with age. Given the high concentrations of toxic elements such as Hg, Cd, and possibly As in marine birds, the possibility of increasing anthropogenic inputs, and the threatened status of most albatross species, then some proTrace metals and trophic level in seabirds Environ. Toxicol. Chem. 24, 2005 3105 gram of long-term monitoring and surveillance of contaminants in seabirds is warranted.
